ABSTRACT: Chitosan-based macroporous scaffolds for tissue engineering applications are developed by cryogelation in aqueous media. The cryogels obtained are modified using a new RGD-containing peptide developed in this laboratory. A RGD-containing peptide is chemically attached to the surface of the cryogels to improve cell adhesion to the 3D-structure chitosan-based scaffolds. The synthesis, physico-chemical, and biological evaluations of the system are described, and the optimization of the formulations is carried out by varying the reaction parameters. Fibroblasts and endothelial cells are used in cell cultures to *Author to whom correspondence should be addressed. E-mail: mraguilar@ictp.csic.es y This article is dedicated to the memory of Prof. Junzo Sunamoto, a great scientific researcher, and noble friend. He has spread scientific knowledge and friendship all over the world. He was an outstanding teacher, scientist, and humanitarian. Thank you Junzo for your dedication to all. determine cell behavior and the cytocompatibility of the macroporous cryogels. Cell spreading and actin cytoskeleton organization process are assessed by confocal microscopy. Cells colonize the porous structure of the chitosan-based cryogel and are observed to be growing inside the pores.
INTRODUCTION
S caffolds able to support and reinforce the growing cells are required for tissue engineering applications. These scaffolds must be biocompatible, bioactive, and porous to be suitable for cell growth. Cryogels are macroporous gels with large interconnecting pores prepared by carrying out the polymerizations in a semi-frozen state. The unique structures of the cryogels endows them with a combination of physical properties that make them excellent candidates for the development of scaffolds for tissue engineering applications, and enables rapid mass transfer ensuring efficient supply of nutrients and removal of waste products during cell culturing [1, 2] .
Due to chitosan's biodegradability, low immunological response and positive effect on wound healing, it has been extensively used in biomedical applications. Chitosan is a polysaccharide composed of D-glucosamine residues that are structurally linked similarly to various glycosaminoglycans (GAG) present in the extracellular matrix (ECM) [3, 4] . The cationic nature of chitosan enables ionic interactions while the amine and hydroxyl groups in the structure are well suited for modification to potentially improve cell adhesion.
Cell migration onto biomaterials is desired for tissue ingrowth in tissue engineering. Stable linking of integrin ligands act as agonists of the ECM, leading to cell adhesion and cell survival. The Arg-Gly-Asp (RGD) sequence is the most effective motif for stimulating cell adhesion on synthetic surfaces [5] [6] [7] [8] [9] . A new RGD-containing oligopeptide has been designed and synthesized in this study using the structure Gly-Arg-Gly-Asp-Gly-Tyr (GRGDGY). It was incorporated to the chitosan surface in different proportions in order to determine the optimum surface density to improve cell attachment to the scaffolds.
The aim of this study is to create scaffolds suitable for tissue engineering by combining the interconnected macroporous structure of cryogels and the biocompatible and biodegradable properties of chitosan. A RGD-containing peptide was chemically attached to the surface of the cryogels in order to improve cell adhesion to chitosan-based scaffolds.
In this work, immobilization of RGD was performed using glutaraldehyde. The incorporation of the peptide to the chitosan structure was followed by fluorimetric analysis. Cell culture experiments were performed to assess the effect of the incorporation of this peptide on the attachment and growth of fibroblasts.
MATERIALS AND METHODS

Synthesis of the RGD-containing Peptide
Gly-Arg-Gly-Asp-Gly-Tyr (GRGDGY) peptide was synthesized in a peptide synthesizer (Perkin-Elmer, Synergy) using Fmoc chemistry. The chemical composition was confirmed by acid analysis (Pharmacia, Biochrom 20).
Synthesis of Chitosan-based Cryogels
Chitosan was kindly supplied by Idebio S.L, Spain (degree of deacetylation 85%). Glutaraldehyde was provided by Fluka. Chitosan (1.25% w/v) was dissolved in 0.2 M acetic acid and filtered to remove any solid impurities, the solution was then kept in an ice bath. Glutaraldehyde (Fluka, 50%) was added to the solution at four different concentrations; giving final NH 2 : CHO ratios samples of 60 : 1, 30 : 1, 15 : 1, and 3 : 1, respectively. Samples were frozen at À168C for 16 h, thawed at room temperature, and washed thoroughly with water, ethanol (50 mL Â 3), acetone (50 mL Â 3), and ether (50 mL Â 3), and then dried at room temperature until constant weight was reached [10] .
Gels with a NH 2 : CHO ratio of 15 : 1 were used for further modifications. In order to improve the cell adhesive properties of the cryogel the peptide GRGDGY was incorporated to the structure ( Figure 1 ). Dried samples were swollen in 0.2 M acetic acid and washed with water. To facilitate the activation of the -NH 2 groups of the cryogel the sample was incubated in a glutaraldehyde solution. The ratio of chitosan-NH 2 and glutaraldehyde-CHO groups were 500 : 1, 1000 : 1, or 2000 : 1, respectively. After 24 h incubation the samples were washed with water and then incubated for 48 h in a peptide solution with the same ratio of peptide to free -CHO groups as used in the activation step.
The samples were washed and treated with 0.05 M NaBH 4 solution in carbonate buffer pH 9.2 to reduce the Schiff base formed between the peptide and the matrix and to reduce any free non-reacted aldehyde group.
The incorporation of GRGDGY peptide to Chi15 was determined indirectly followed by monitoring the fluorescence of the solution used for modifying the cryogel. The tyrosine residue in the peptide fluoresces when excited at 274 nm, gave an emission peak at 303 nm. Fluorescence of the solution was measured before adding it to the cryogel and at 24, 44, and 62 h.
FTIR spectra were recorded in potassium bromide slabs using a Perkin-Elmer Spectrum One spectrophotometer. The dried cryogels and chitosan were incorporated with potassium bromide and pressed into disks. IR scans were recorded between 4000 and 400 cm À1 ; 12 scans were registered with a resolution of 2 cm
À1
. The degree of swelling (S w/w ) of all samples was determined in water buffered at three different pHs (2, 7.4, and 10) using the relationship:
where m wet gel is the mass of the swollen gel and m dry gel is the mass of the dry gel. All measurements were made in triplicates and the average recorded. Flow resistance was investigated as the water flow rate through the gel measured using a constant water pressure of 100 cm of water-column corresponding to a pressure of 0.01 MPa. At least three measurements were made for each sample. 
Environmental Electron Microscopy Experiments (ESEM)
ESEM images were obtained using a Philips XL30 ESEM with tungsten filament, equipped with a Peltier Cooling Stage. The microscope worked at 15.0 kV. The temperature was fixed at 28C and the pressure in the chamber was modified from 6.0 to 1.9 Torr to control sample dehydration.
Biocompatibility Experiments
Cylindrical specimens (0.5 cm diameter and 0.5 cm height, approximately) of chitosan-based cryogels were used for direct and indirect biocompatibility experiments. All the specimens were sterilized by placing them in ethanol overnight. The negative control was tissue culture plastic [Thermanox (TMX)] and the positive control was Triton X-100 (0.5% v/v in culture medium). Human fibroblasts were used for the assays. The culture medium was minimal essential medium eagle (MEM), modified with HEPES [4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid] (Sigma) and supplemented with 10% fetal bovine serum, 200 mM L-glutamine, 100 units/mL penicillin, and 100 mg/mL streptomycin. The culture medium was changed every 2 days with care to cause little disturbance to culture conditions.
TMX, Triton X-100, and cryogel specimens were set in 5 mL of MEM, FCS-free. They were placed in an incubator at 378C, and the medium was removed at different time periods (1 day, 3 days, 7 days, and 14 days) and replaced with another 5 mL of fresh medium. Fibroblasts were seeded, at a density of 11 Â 10 4 cells/well, in complete medium and incubated to confluence. The medium was replaced with the corresponding eluted extract after the correction of FCS concentration. The plates were incubated at 378C in a humidified air with 5% CO 2 for 24 h. A solution of 3-(-4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was prepared in warm PBS and filtered before use. A total of 100 mL MTT, was added to all wells to give a final concentration of 0.5 mg/mL, and the plates were incubated at 378C, 5% CO 2 for 4 h. Excess medium and MTT were removed, and 100 mL dimethyl sulfoxide was added to all wells in order to solubilize the MTT taken up by the cells. This was mixed for 10 min, and absorbance was measured on a Biotek ELX808IU spectrometer, using a test wavelength of 570 nm and a reference wavelength of 630 nm. The cell viability was calculated using the equation:
where OD S , OD B , and OD C are the optical density of formazan production for the sample, blank (MEM without cells) and the corresponding control, respectively.
Cell Culture Evaluation
Test specimens and Thermanox (TMX) controls were placed in 24-well Falcon sterile plates for determining cell proliferation and DNA content. Human fibroblasts were seeded at a density of 11 Â 10 4 cells/mL. On each specimen 50 mL cell suspension was applied and allowed to attach for 1 h before flooding with 1 mL DMEM medium. The cultures were incubated in a humidified air with 5% CO 2 for different periods of time. The cultured medium was carefully changed at appropriate time intervals to minimize disturbance to the culture conditions.
Determination of Total DNA
Cells were lyzed by freeze-thawing after being 1, 7, 14, and 20 days in direct contact with the materials. The culture medium was replaced with 1 mL of distilled water, and samples were frozen at À708C for 15 min and thawed at 378C for 20 min three times. The aliquots were stored at À208C till used. A 100 mL aliquot of cell lysate (in duplicate) was mixed with 100 mL Hoescht 33285 (1 mg/mL) in a 96-well plate. DNA standard was prepared with concentrations of 0, 0.31, 0.62, 1.25, 2.50, 5.00, 10.00, and 20.00 mg/mL in saline sodium citrate (SSC) buffer (pH 7) and mixed with the Hoescht dye. The fluorescence was measured on a Biotek ELX800 fluorimeter at an excitation wavelength of 360 nm and an emission wavelength of 460 nm. The DNA content of each test specimen was calculated from the standard DNA curve.
Statistical Analysis of Biocompatibility Test
Analysis of variance (ANOVA) was performed by using Statistica 6.0 software (Statsoft. Inc. Tulsa, USA). The statistical analysis of MTT, and DNA results for RGD500, RGD1000, and RGD2000 was made with respect to CHI15, at significance level p50.05.
Electron Microscopy (SEM) Evaluations
Seeded cryogels were also envisaged using the SEM mode of the microscope described above (Philips XL30 ESEM). The materials were placed in a 24-well plate (in duplicate) and fibroblasts were seeded at a density of 14 Â 10 4 cells/mL. These were incubated at 378C. The cells were fixed with 1.5% glutaraldehyde buffered in 0.1 M phosphate buffer after a 24 h or 7 days incubation period. The dried samples were sputter-coated with gold before SEM examination.
Confocal Microscopy Evaluations
HUVECs Culture and Immunofluorescent Staining
Human umbilical vein endothelial cells (HUVECs) were cultured on chitosan scaffolds for 7 days in M-199 medium supplemented with 20% of FCS (both from Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 2 mM of GlutaMAX TM -I supplement (Invitrogen GmbH, Karlsruhe, Germany), 100 U/100 mg/mL of penicillin/streptomycin (Invitrogen GmbH, Karlsruhe, Germany), 25 mg/mL of sodium heparin (Sigma-Aldrich Chemie GmbH), and 25 mg/mL of endothelial cells growth supplement (Biomol GmbH, Hamburg, Germany). For the immunofluorescent staining of actin cytoskeleton cells on chitosan scaffolds were washed with PBS, fixed with 3.7% paraformaldehyde, and permeabilized with 0.1% TRITON X-100 solution in PBS. In the following step the cells were incubated with phalloidin-TRITC (P1951, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) diluted 1 : 100 in PBS for 40 min at room temperature. Finally scaffolds with cells were washed in PBS again and mounted with Gelmount (M01, Biomeda, Foster City, USA) onto objective glasses. Stained cells were observed at a Leica TCS SP2 confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany). Chitosan/RGD systems had a high autofluorescence on the photographs made using the standard TRITC-channel and it was difficult alone to distinguish cellular structures from the chitosan scaffolds. To depict clearly the actin cytoskeleton structures of HUVECs, an overlay with the signal was used from the FITC-channel, where chitosan, but not the stained cells, emitted.
RESULTS AND DISCUSSION
Chitosan-based cryogels were obtained by the crosslinking reaction of glutaraldehyde in aqueous media, at sub-zero temperatures (À168C). The reaction took place in a non-frozen liquid microphase existing in a macroscopically frozen sample. Under these conditions two phases were formed, a polycrystalline phase of frozen pure water and an unfrozen liquid microphase containing highly concentrated chitosan and glutaraldehyde. As the volume where the reactants were dissolved was reduced considerably, the gelation rate was accelerated significantly and the cryogel were formed at lower concentrations of both polymer and cross-linking agent than those in gels formed at room temperature [11] . Water crystals acted as porogen (or pore-forming agent) and a macroporous interconnected sponge-like structure was obtained after melting these crystals. Surface tension at the interface of the gel and the liquid causes the shape of the initially sharply angled cavities to become rounded.
Four different formulations of chitosan-based cryogels were prepared by adding different amounts of glutaraldehyde (Table 1) , referred to as Chi3, Chi15, Chi30, and Chi60 depending on the NH 2 : CHO ratio. The relatively low content of glutaraldehyde could be even positive as stated in some references [12] .
The chemical composition of chitosan and the different chitosan cryogels was analyzed by FTIR ( Figure 2 ). The spectra for chitosan showed the typical bands with amide I (C¼O) at 1660 cm À1 and amide II (N-H bending) at 1600 cm À1 . In the crosslinked gels there is a change of the amide II bond corresponding to the formation of an imide group due to the crosslinking reaction with glutaraldehyde. Furthermore, the change of intensity of the bands at 2900 cm À1 corresponds to the increase of C-H stretching due to the influence of glutaraldehyde. FTIR spectra demonstrated the incorporation of glutaraldehyde structure as crosslinked imide groups during the reaction.
The influence of pH on the swelling ratio of the cryogels crosslinked using different concentrations of glutaraldehyde (Table 1) was studied using buffered solutions at pH 2, 7.4, and 10, respectively (Figure 3) . The degree of swelling of the studied cryogels was related to the amount of ionized groups and the degree of crosslinking of the structure. Both parameters are directly related, as the chitosan -NH 2 groups are responsible for the ionic nature of the polysaccharide and are also involved in the crosslinking reaction with glutaraldehyde. The crosslinking reaction between chitosan and glutaraldehyde involves free -NH 2 groups from chitosan and aldehyde groups from glutaraldehyde. The lower the degree of crosslinking the stronger the response to pH, due to the unreacted -NH 2 groups present in the structure. The degree of swelling was higher at acidic pH due to the ionization of free -NH 2 groups of chitosan (pK a approx. 6.3). S w/w of polyelectrolytes was also affected by the ionic strength of the media; the higher the ionic strength, the lower the S w/w of the polyelectrolytes. This is the reason why chitosan cryogels swelled more in water than in buffered solutions.
Flow-rate measurement is a simple way of estimating porosity of the cryogels. The flow resistance through the monolithic cryogels was estimated as water flow rate through the monolithic cryogel at a constant hydrostatic pressure of 100 cm of water column. The chitosan cryogels showed an increasing rigidity and water flow rate with increasing cross-linker concentration (Tables 2 and 3 ). An increase in glutaraldehyde led to thinner but denser walls which resulted in a more porous structure, as confirmed by the images obtained by environmental scanning electron microscope, ESEM. Shown in Figure 4 is the morphology of Chi3 and Chi15 obtained by in situ dehydration of the gels in the microscope. The protocol described in Materials and Methods was followed in order to visualize the cryogel porous structure and avoid the deformation produced by the dehydration process of hydrophilic structures. Macroporous structure of hydrated samples was also visualized by confocal microscopy ( Figure 9) . The polymer appears Table 3 . Influence of the crosslinking ratio on the water flow rate. The flow rate of water passing through the monolithic columns was measured at a constant hydrostatic pressure of 100 cm of water column corresponding to a pressure of 0.01 MPa. All measurements were performed in triplicates.
Sample
Flow rate (cm/h) STD (cm/h) illuminated in green, confirming the organization observed by ESEM. Confocal micrographs showed the real structure of the 3D-matrix in its real environment as they were obtained in culture media and not during the dehydration process, moreover, confocal micrographs pictured the internal structure of the cryogel, while ESEM is able to display the matrix surface. Chi15 was the formulation that presented the best mechanical properties and flow rate (Tables 1 and 3 ) and was used for further modifications. The incorporation of an RGD-containing peptide, GRGDGY, was carried out in order to improve cell adhesion to the cryogel. The amount of GRGDGY peptide incorporated in the cryogel was followed indirectly by monitoring the fluorescence of the solution used for modifying the cryogel. The tyrosine residue fluorescence in the peptide sequence was used to follow the reaction. The fluorescence was measured before adding the cryogel and after 24, 44, and 62 h ( Figure 5 ). Decrease in fluorescence after addition was due to that of the peptide being attached to the cryogel and is no longer present in the solution. It was shown that after 44 hours the fluorescence signal was reduced significantly and most of the peptide was assumed to have been attached to the cryogel.
Biocompatibility Evaluations
MTT Results
The cytotoxic effects of chitosan were evaluated through the MTT assay in which the cells are exposed to the compound under serum-free conditions [13] . This assay was used to measure cell metabolic function which is dependent on the intact activity of a mitochondrial enzyme, succinate dehydrogenase [14] . The MTT assay results obtained from the chitosan extracts showed cell viability. Significant differences were observed when RGDmodified cryogels were compared with Chi15 at day 1. However, the results obtained for RGD2000, RGD1000, and RGD500 did not present a significant difference compared to Chi15, at day 3, 7, and 14 ( Figure 6 ). Cell viability values were around 80% of the control TMX in all cases indicating that non-cytotoxic effect was produced on cell culture. 
DNA
Cell attachment and proliferation were determined by monitoring total DNA of fibroblasts cultured directly on the chitosan-based cryogels. The fluorometric dye employed in this assay was DNA specific which binds to contiguous adenine-thymine base pairs emitting fluorescence at 460 nm [15] .
The integrin-mediated cell adhesion process involves a cascade of four different partly overlapping events: cell attachment, cell spreading, the actin cytoskeleton organization, and the formation of focal adhesions [16, 17] . Cell attachment was evaluated measuring total DNA content after 24 hours in culture. Cell spreading and actin cytoskeleton organization process were assessed by confocal microscopy (discussed later). It has been reported that the effect of RGD concentration on cell adhesion is a direct dose-dependent increase followed by an asymptotic approximation to a maximum number of attached cell which is specific for different polymers and cell lines [5] . However, GRGDGY peptide produced a dose-dependent increase on cell attachments, followed by an acute decrease on this parameter. A high density of the peptide (RGD500) produced the opposite effect and cell attachment values reached similar values as non-modified chitosan (Figure 7) .
Cell growth and proliferation were assessed measuring total DNA content as a function of time ( Figure 7) . A significant increase in total cellular DNA was observed for RGD2000 and RGD1000 with respect to non-modified CHI15. RGD1000 presented the highest values of DNA content at any time. The obtained results indicated that cell growth and cell proliferation improved as a function of RGD-surface density. However, if RGD-content was too high (CHI500) DNA content diminished drastically.
Morphology Studies
Cells were seeded on the materials and visualized by SEM. Figure 8 show that fibroblasts were able to adhere and proliferate on the surface, indicating that there were not direct toxic effects and cellular metabolism was normal. The morphology of the cells was rounded in the SEM preparation probably due to shrinking of the polymeric matrix, however, confocal microscopy images demonstrated that the cells had spread (well attached) to the porous structure of the cryogels. HUVEC cells colonized the porous structure of the chitosan-based cryogel and were observed growing inside the pores (Figure 9 ). 
CONCLUSIONS
Macroporous sponge-like chitosan-based cryogels were synthesized successfully and modified with a new RGD-containing peptide. RGD incorporation improved the attachment and possible proliferation of human fibroblasts until a critical RGD concentration. Cell attachment increased with RGD surface concentration obtaining higher densities of cells on the modified cryogels until a critical RGD concentration was reached.
These systems are suitable for the preparation of bioactive and biodegradable scaffolds for tissue engineering for applications in the regeneration of soft and hard tissues. These scaffolds may be appropriate for the formation of an extracellular matrix, produced by normal cell metabolism, and at the end, the regeneration of a good tissue. It appears that the biomimetic process, as a function of the matrix, is the same for hard and soft tissue. Although we do not consider the biomechanical function as it occurs in the nature, it may present the best option for the natural and activated regeneration of the tissue.
